INTRODUCTION
============

The biological significance of miRNAs was widely recognized at the beginning of this century. Since then, miRNAs have been extensively studied in both plants and animals ([@B1],[@B2]). The miRNAs, ∼21 nt in length, can recognize their targets based on complementary recognition sites, normally resulting in transcript cleavages in plants or translational repression in animals ([@B1],[@B2]). The functionalities of miRNA targets vary widely, although a sizable portion were transcription factors ([@B2],[@B3]), suggesting extraordinarily complex regulatory networks that miRNAs involved in. To date, many miRNA families, either highly conserved or species-specific, have been cloned and functionally characterized ([@B2],[@B3]). With the advent of next-generation sequencing, significant advances have been achieved in the miRNA research area, and valuable sequencing data were generated ([@B4],[@B5]). Thus, standardized databases are required for data deposition, organization, parsing and analysis, while also allowing for user queries. Currently, there are several established miRNA databases, such as miRBase ([@B6]) and the plant microRNA database (PMRD) ([@B7]). These two databases catalog various organisms, and numerous plant species, respectively. Although extremely comprehensive, they only provide general information for miRNAs, such as sequences, secondary structures, experimental evidences, and references. Hence, by using such kind of databases, only basic queries of specific miRNAs are available. Apparently, a need exists for databases providing more specific tools and in-depth information regarding the miRNAs.

Here, we focus on the miRNAs of two model plants, the eudicot Arabidopsis and the monocot rice. PmiRKB (<http://bis.zju.edu.cn/pmirkb/>) contains four major functional modules which are titled: 'SNP', 'Pri-miR', 'MiR--Tar' and 'Self-reg' ([Figure 1](#F1){ref-type="fig"}). The 'SNP' module contains SNPs within the pre-miRNAs among different Arabidopsis or rice subspecies based on currently released SNP data. To investigate the potential effects of SNPs on the secondary structure transformation of pre-miRNAs, the stem--loop structured pre-miRNAs were predicted. The 'SNP' module also includes SNPs present in the mature miRNAs and their target sites, which may affect miRNA--target interactions. The second module, 'Pri-miR', provides data regarding the transcriptional contexts of pre- and pri-miRNAs, which include tissue-specific considerations. To our knowledge, this is the first large-scale attempt to elucidate the transcriptional ranges of pri-miRNAs *in planta*. The third module, 'MiR--Tar', can identify cleavage signals present within predicted miRNA--target recognition sites based on PARE data derived from plant degradomes. As a result, this module can serve as the reference for *in vivo* miRNA--target pair validation. Lastly, the 'Self-reg' module provides data regarding miRNA precursor processing, and miRNA- or miRNA\*-mediated cleavage effects on their host precursors, based on cleavage signals detected by PARE. Together, our online service of PmiRKB implemented in PostgreSQL + Apache + hypertext preprocessor (PHP) + scalable vector graphics (SVG) provides an unprecedented resource for plant miRNA research, ensuring its value for biologists. Figure 1.Overview of the accesses to the functional modules of PmiRKB. There are three options to perform queries of the data maintained in PmiRKB. In this figure they are circled or boxed and are numbered 1 to 3. The first is an option to search *Arabidopsis thaliana* or *Oryza sativa* miRNAs. An example of each species' output format is shown in the purple shaded box on the lower right of the figure as indicated by the arrow. Second, there is an option to perform a search of the entire knowledge base. An example of the output for the search query is shown on the upper right of the figure to the right of the yellow triangle. Third, there are five functional modules: 'MiR info', 'SNP', 'Pri-miR', 'MiR--Tar' and 'Self-reg', which can be clicked on to access the various datasets described in the illustrated boxes below. Note that in both the miRNA lists and the search results (shown on the right panels), the pre-miRNAs with SNPs in their mature miRNAs are shaded in red, and those with SNPs in other regions of the pre-miRNAs are shaded in blue. Additional resources are also available that include (clockwise from the top right on the PmiRKB homepage): 'Instructions', 'Useful links', 'References', 'Contact', an illustrated overview of the four major modules of PmiRKB, as well as a panel that provides 'Update News'.

DATA COLLECTION
===============

Sequence information for the miRNAs included in PmiRKB was retrieved from miRBase (<http://www.mirbase.org/index.shtml>; release 15) ([@B6]). Genomic information for Arabidopsis and rice were downloaded from the Arabidopsis information resource (TAIR release 9, <ftp://ftp.arabidopsis.org/home/tair/Sequences/>) ([@B8]), and the rice genome annotation project established by the institute for genome research (currently named the J. Craig Venter Institute) (TIGR rice genome release 6.1, <ftp://ftp.plantbiology.msu.edu/pub/data/Eukaryotic_Projects/o_sativa/annotation_dbs/>) ([@B9]), respectively. The SNPs of seven Arabidopsis accessions (Col-0, Bur-0, Tsu-1, Cvi-0, Ler-1, Bay-0, and Sha; the genome of Col-0 served as the reference) reported by Weigel's group ([@B10]) were retrieved from TAIR (<ftp://ftp.arabidopsis.org/home/tair/Genes/TAIR9_genome_release/TAIR9_gff3/Variation_GFF/>, release 9) ([@B8]). The SNPs between two rice subspecies, Nipponbare and 93--11 (the genome of Nipponbare served as the reference), were a gift from the Paterson group ([@B11]), while the SNPs belonging to 20 rice subspecies (Nipponbare, Tainung 67, Li-Jiang-Xin-Tuan-Hei-Gu, M 202, Azucena, Moroberekan, Cypress, Dom-Sufid, N 22, Dular, FR13 A, Aswina, Rayada, IR64-21, Shan-Huang Zhan-2, Pokkali, Swarna, Sadu-Cho, Minghui 63 and Zhenshan 97B; the genome of Nipponbare served as the reference) were obtained from the OryzaSNP Project (<ftp://ftp.plantbiology.msu.edu/pub/data/Oryza_SNP/>) ([@B12],[@B13]). All of the SNPs, and their genomic positions, were manually checked based on the current genomic information available from TAIR (release 9) ([@B8]) and TIGR (release 6.1) ([@B9]). Detected inconsistencies were removed.

A majority of the MPSS and the PARE data of Arabidopsis and rice were retrieved from the plant MPSS databases (<http://mpss.udel.edu/at/mpss_index.php> and <http://mpss.udel.edu/at_pare/> for Arabidopsis, and <http://mpss.udel.edu/rice/mpss_index.php> and <http://mpss.udel.edu/rice_pare/> for rice, respectively) ([@B14; @B15; @B16]). In addition, a portion of PARE data of Arabidopsis and short-read sequences derived from poly(A)-tailed transcripts and degradomes in rice were collected from recent reports ([@B17; @B18; @B19]). For users, more detailed descriptions of the features and the usages of these high-throughput sequencing (HTS) data can be obtained from the link 'Instructions' of PmiRKB.

All the data retrieved for this study were summarized in [Table 1](#T1){ref-type="table"}. Table 1.Data sources used for the construction of PmiRKBData typeSpeciesData sourceReferenceMicroRNA informationArabidopsismiRBase, release 15: (<http://www.mirbase.org/cgi-bin/mirna_summary.pl?org=ath>)([@B6])RicemiRBase, release 15: (<http://www.mirbase.org/cgi-bin/mirna_summary.pl?org=osa>)Genomic informationArabidopsisTAIR, release 9: (<ftp://ftp.arabidopsis.org/home/tair/Sequences/>)([@B8])RiceTIGR release 6.1: (<ftp://ftp.plantbiology.msu.edu/pub/data/Eukaryotic_Projects/o_sativa/annotation_dbs/>)([@B9])SNP dataArabidopsisTAIR, release 9: (<ftp://ftp.arabidopsis.org/home/tair/Genes/TAIR9_genome_release/TAIR9_gff3/Variation_GFF/>)([@B8],[@B10])Rice<http://chibba.agtec.uga.edu/snp/index.php?table_name=>--injaSnps OryzaSNP Project: (<ftp://ftp.plantbiology.msu.edu/pub/data/Oryza_SNP/>)([@B11; @B12; @B13])HTS dataArabidopsisPlant MPSS databases: (<http://mpss.udel.edu/at/mpss_index.php> for MPSS data, and <http://mpss.udel.edu/at_pare/> for PARE data) GEO (Gene Expression Omnibus): (<http://www.ncbi.nlm.nih.gov/geo/>)([@B14; @B15; @B16; @B17; @B18; @B19])RicePlant MPSS databases: (<http://mpss.udel.edu/rice/mpss_index.php> for MPSS data, and <http://mpss.udel.edu/rice_pare/> for PARE data) GEO: (<http://www.ncbi.nlm.nih.gov/geo/>)

MicroRNA TARGET PREDICTION
==========================

MiRNA targets were predicted *in silico* using the algorithm employed by miRU with default settings ([@B20]), and the messenger RNA (mRNA) sequences of Arabidopsis and rice were retrieved from TAIR (release 9) and TIGR (release 6.1), respectively. A random subset of the predicted results was manually checked with the results generated by miRU to ensure the accuracy of our prediction program written in C language.

DATABASE CONSTRUCTION AND CONTENT
=================================

SNPs present in pre-miRNAs and mature miRNAs in Arabidopsis and rice were extracted from the whole-genome SNP datasets, and downstream targets were predicted for each miRNA using the algorithm employed by miRU ([@B20]). These results were integrated into PmiRKB, along with the SNPs present in predicted miRNA target sites and the SNPs with potential to alter the secondary structures of pre-miRNAs according to RNAfold prediction ([@B21]) (see [Table 2](#T2){ref-type="table"} for summary). The resulting 'SNP' module can identify different secondary conformations of a specific pre-miRNA among various Arabidopsis or rice subspecies, which result from SNP-induced thermal stability alteration ([Figure 2](#F2){ref-type="fig"}A). Moreover, SNPs present in the miRNA--target binding regions, which have the potential to directly disturb miRNA--target interactions, were taken into account ([Figure 2](#F2){ref-type="fig"}A). Accordingly, the output from the 'SNP' module can direct the investigation of phenotypic or physiological divergences among different Arabidopsis or rice subspecies, which may be attributed to SNP-involved, miRNA-mediated regulatory processes. Figure 2.Output data from the four major modules of PmiRKB. (**A**) An example of SNPs identified in the 'SNP' module (top left panel, highlighted in dark pink), which have the potential to influence the stability of miRNA--target RNA duplexes (lower left panel, indicated by different background colors). The effect of SNPs (indicated by orange circles) on the secondary structure of a specific pre-miRNA (precursor miRNA), ath-MIR840 for example, is illustrated on the right two panels. (**B**) Output data from the 'MiR--Tar' module that indicates AT1G77850.1 is a genuine target of ath-miR160a, based on the intense PARE signals detected in the middle of the miRNA--target duplex. The 100-nt sequence (gray horizontal line) surrounding the target site (red horizontal line) is shown. The blue outlines of the PARE signals denote the signatures that possess unique loci in the corresponding transcriptome. (**C**) The result given by 'Self-reg' indicates that the Dicer-like 1 (DCL1)-mediated first-step cleavages on the stem region of a specific pri-miRNA (primary miRNA) can be reflected by PARE data. In most cases, cleavage signals generated from the left arms of the pri-miRNAs were much easier to be detected than those from the right arms, likely due to the longer remnants generated from the left ones after DCL1-mediated cleavages. Cleavage signals within the miRNA\* region of the pre-miRNA, ath-MIR156f, may represent miRNA-mediated self-regulation. For both (B and C), the signal intensity at a specific position is enhanced by the supporting of distinct signatures (represented by the red overlapping signals in different lengths in vertical orientation). (**D**, **E** and **F**) are output data from the 'Pri-miR' module. (D) represents tissue-specific transcription signals associated with the 3′-downstream region of ath-MIR157a, which could be hardly observed in the reproductive organs including inflorescences and siliques (the libraries lack of related signals, i.e. AGM, AP1, AP3, INF, INS, SIF, and SIS, were prepared from the reproductive organs of Arabidopsis). The transcription signals with distinct tissue-origin patterns were observed surrounding certain pre-miRNAs, such as ath-MIR159b (**E**) and ath-MIR170 (**F**), indicating that independent transcription units may exist. For (D, E and F), the signal intensity at a specific position is enhanced by the supporting of distinct signatures (represented by the red overlapping signals in different lengths in horizontal orientation). Table 2.Statistical result of SNPs used for the construction of PmiRKBSpeciesSubspeciesPre-miRNAs[^a^](#TF1){ref-type="table-fn"}MiRNAs[^b^](#TF2){ref-type="table-fn"}Target sites[^c^](#TF3){ref-type="table-fn"}Others[^d^](#TF4){ref-type="table-fn"}Sum[^e^](#TF5){ref-type="table-fn"}ArabidopsisBur-014811239569 414569 795Tsu-114711218500 987501 349Cvi-021323343807 540808 085Ler-1663145304 370304 580Bay-07912119316 805316 999Sha10512156402 326402 580Sum[^f^](#TF6){ref-type="table-fn"}7587212202 901 4422 903 388RiceTainung 67000228228Minghui 63901760 68160 707Zhenshan 97B701238 65338 672Sadu-Cho1001560 63460 659N 22402558 26658 295FR13 A612466 30466 334Moroberekan00822 09822 106Dom-Sufid00121852186Aswina601866 83466 858Dular913063 69063 729Rayada912966 05366 091Pokkali801855 73855 764IR64-21601558 24458 265Azucena20415 34815 354Shan-Huang Zhan-2701348 10048 120Li-Jiang-Xin-Tuan-Hei-Gu00132063207Swarna1111654 02054 047Cypress21723 95923 968M 2020005493549393-1148689382 279382 416Sum[^f^](#TF6){ref-type="table-fn"}144113421 152 0131 152 499[^2][^3][^4][^5][^6][^7][^8]

HTS data, largely represented by MPSS data ([@B22]), were retrieved from public resources (see details in 'Data Collection' section). These short reads were derived from sequencing of the poly(A)-tailed transcripts in various tissues ([@B14]). Although many poly(A)-tailed transcripts are represented by mRNAs, a majority of pri-miRNAs transcribed by RNA polymerase II also possess poly(A) tails ([@B2],[@B23]). Thus, these HTS datasets can be used to detect the transcriptional signals of pri-miRNAs in a tissue-specific manner. For this purpose, all the HTS signatures were mapped to the corresponding genomes, and only the signatures with unique genomic loci were reserved for further investigation. The short reads located within ∼5 kb on either side of a pre-miRNA were used to reveal the transcriptional context of the corresponding pri-miRNA. Moreover, expression levels of the short reads associated with each library prepared from distinct tissues were normalized in RPM (reads per million) to allow cross-library comparisons. Thus, the transcriptional signals of certain pri-miRNA can be queried in a tissue-specific manner by using the module 'Pri-miR' ([Figure 2](#F2){ref-type="fig"}D--F).

In plants, most miRNAs cleave their downstream targets depending on the highly complementary recognition sites ([@B2]). The resulting 3′ cleavage remnants are usually utilized for miRNA--target pair validation and slicing site mapping by using modified 5′ rapid amplification of cDNA ends (RACE) ([@B3]). However, this classical method would be time-consuming, tedious, and costly once applied to large-scale validation of miRNA--target pairs. To overcome these limitations, the modified 5′ RACE has been combined with the newly available HTS to develop high-throughput methods, such as PARE ([@B15; @B16; @B17; @B18]). In this study, a large-scale investigation of *in vivo* miRNA--target pairs was performed based on the public PARE datasets. For this purpose, the PARE short reads were mapped to the mRNAs. The signatures containing overlapping regions with the predicted target sites were considered to be potential cleavage signals that support the specific miRNA--target regulatory relationships. Besides, the sample origin and the normalized expression level (in RPM) of each short read are provided for reference. Thus, the functional module, 'MiR--Tar', was established ([Figure 2](#F2){ref-type="fig"}B).

Theoretically, 3′ remnants generated after the pri-miRNA processing by Dicer-like 1 (DCL1) can be included in plant degradome libraries and detected by PARE sequencing ([@B17],[@B24]). Thus, the DCL1-mediated first-step cleavages on both strands of the stem region of a specific pri-miRNA, which result in two poly(A)-tailed remnants, can be validated by PARE data. On the other hand, mature miRNA, and occasionally its miRNA\*, can recognize their host precursor as a target based on the complementary sequence present in the stem region. This type of miRNA- or miRNA\*-mediated self-regulation can be also represented by plant degradome PARE sequencing data ([@B15],[@B24]). Therefore, the module, 'Self-reg', was created in PmiRKB to provide a comprehensive view of miRNA precursor processing and miRNA- or miRNA\*-mediated self-cleavages on their host precursors ([Figure 2](#F2){ref-type="fig"}C). Similar to the 'MiR--Tar' module, the sample origin and the normalized expression level (in RPM) of each short read are provided for reference.

PmiRKB additionally includes the module, 'MiR info', which provides sequences of mature miRNAs and pre-miRNAs in FASTA format, clustered pre-miRNAs (within 50 kb), experimental evidences, references and external links to miRBase ([@B6]) and PMRD ([@B7]). Several useful web links for accessing miRNA-related data and additional analytical tools are provided by 'Useful links'. Beginners may also appreciate the resources provided in 'Instructions' and 'References' ([Figure 1](#F1){ref-type="fig"}).

DATABASE IMPLEMENTATION
=======================

PmiRKB, with web pages written in PHP scripting language, is maintained on an Apache2 HTTP server containing a PHP5 module. The connection between PmiRKB and the PostgreSQL 8.4 database, containing all of the analytical results, was accomplished by the PostgreSQL client extension of PHP5. Dynamic graphics provided in the four major modules were implemented by SVG, while a few Javascript codes were employed for the dynamic effects experienced on the web pages, such as the movable windows.

FEATURES
========

Although huge quantities of plant SNP data are currently available, few analyses have been applied for a large-scale investigation of their biological significances for specific types of genes, such as miRNAs. Based on the analytical results accessible from our PmiRKB, SNPs with the potential to alter the secondary structures of pre-miRNAs can be identified. Furthermore, the SNPs within the predicted miRNA--target duplexes, which may interrupt miRNA--target regulation, were also included in the 'SNP' module of PmiRKB.

Technological advances in sequencing have greatly accelerated the studies on plant transcriptomes ([@B5]). However, analyses of these newly generated HTS data remain incomplete. Here, the ingenious use of HTS data derived from poly(A)-tailed transcripts enabled us to uncover the transcriptional contexts of pri-miRNAs. Considering the lack of information regarding pri-miRNAs in the current miRNA databases, the 'Pri-miR' module is a valuable resource for the study of plant miRNA transcription. Specifically, it can facilitate primer or probe designing for pri-miRNA detection. Besides, the level of a specific pri-miRNA will not only indicate the extent of miRNA transcription, but also the stability of the pri-miRNA *in vivo*. Thus, 'Pri-miR' will also provide valuable insights into the efficiency of pri-miRNA processing in a specific tissue.

Another valuable resource provided by PmiRKB is the whole-transcriptome identification of miRNA--target pairs *in planta*, based on the PARE data ([@B15; @B16; @B17]). For researchers who intend to validate miRNA--target pairs of interest, the 'MiR--Tar' module can provide the information of cleavage signal intensities. Thus, the priority of each miRNA--target pair to be validated could be determined before modified 5′ RACE assays. A sizable portion of 3′ cleavage remnants, especially those at trace levels, are difficult to be detected by the traditional RACE method. Instead, they could be reflected by PARE data, considering the in-depth feature of HTS technology. Together, the 'MiR--Tar' module provides a comprehensive set of miRNA--target pair candidates, including novel pairs with subtle regulatory relationships. Finally, the 'Self-reg' module provides novel insights into miRNA precursor processing and miRNA- or miRNA\*-mediated self-regulation of miRNA genes.

FUTURE DEVELOPMENT
==================

As the interest in the miRNA world grows, more and more datasets are being generated. Correspondingly, there is an urgent need to organize, parse, and analyze the data produced. This can be partially accomplished through the development of both comprehensive and specialized databases. Here, the creation of a plant miRNA knowledge base, PmiRKB, has been described. The potential for its four functional modules to provide valuable insights into the transcription, processing and regulation of miRNA genes has been demonstrated.

PmiRKB has been updated based on the current release of miRBase (from release 14 to 15) ([@B6]). In the near future, more plant species will be included, and PmiRKB will be timely updated following the new release of miRBase ([@B6]). In addition, as more HTS data will become publicly available, the results provided by the four modules of PmiRKB could be further refined.
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[^2]: ^a^Number of SNPs that reside in pre-miRNAs (precursor microRNAs) in each subspecies.

[^3]: ^b^Number of SNPs that reside in mature microRNAs in each subspecies.

[^4]: ^c^Number of SNPs that reside in the microRNA target recognition sites in each subspecies.

[^5]: ^d^Number of SNPs with other genomic locations in each subspecies.

[^6]: ^e^Total number of SNPs in each subspecies.

[^7]: ^f^Sum of the SNPs in all the subspecies belonging to each categories.

[^8]: Note that, the SNPs within pre-miRNAs, mature microRNAs and microRNA target recognition sites may overlap with each other, resulting in the inconsistencies between 'Sum^e^' and the sum of all the categories ('Pre-miRNAs^a^', 'MiRNAs^b^', 'Target sites^c^' and 'Others^d^') in each subspecies.
